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 Abstract - GLE1 mutations cause lethal congenital contracture syndrome 1 (LCCS1), a 
severe autosomal recessive fetal motor neuron disease, and more recently have been 
associated with amyotrophic lateral sclerosis (ALS). The gene encodes a highly conserved 
protein with an essential role in mRNA export. The mechanism linking Gle1 function to motor 
neuron degeneration in humans has not been elucidated, but increasing evidence implicates 
abnormal RNA processing as a key event in the pathogenesis of several motor neuron 
diseases. Homozygous gle1-/- mutant zebrafish display various aspects of LCCS, showing 
severe developmental abnormalities including motor neuron arborisation defects and 
embryonic lethality. A previous gene expression study on spinal cord from LCCS fetuses 
indicated that oligodendrocyte dysfunction may be an important factor in LCCS. We 
therefore set out to investigate the development of myelinating glia in gle1-/- mutant zebrafish 
embryos. While expression of myelin basic protein (mbp) in hindbrain oligodendrocytes 
appeared relatively normal, our studies revealed a prominent defect in Schwann cell 
precursor proliferation and differentiation in the posterior lateral line nerve. Other genes 
mutated in LCCS have important roles in Schwann cell development, thereby suggesting 
that Schwann cell deficits may be a common factor in LCCS pathogenesis. These findings 
illustrate the potential importance of glial cells such as myelinating Schwann cells in motor 
neuron diseases linked to RNA processing defects. 
 
 
 
 
Keywords: Lethal congenital contracture syndrome 1; motor neuron; zebrafish model; 
Schwann cell development. 
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INTRODUCTION 
 
Emerging evidence suggests that abnormal RNA processing is an important factor in motor 
neuron diseases, including amyotrophic lateral sclerosis (ALS), spinal muscular atrophy 
(SMA) and lethal congenital contracture syndrome I (LCCS1) (Ibrahim et al., 2012). 
Mutations in various RNA-binding proteins, such as SMN, TARDBP, FUS and GLE1 have 
been identified as genetic causes of motor neuron degeneration (Lefebvre et al., 1995, 
Sreedharan et al., 2008, Nousiainen et al., 2008 , Vance et al., 2009). The GLE1 gene is 
mutated in LCCS1, a severe autosomal recessive fetal motor neuron disease (Nousiainen et 
al., 2008 ). The disease is characterized by total immobility of the fetus, which can be 
detected around the 13th week of gestation (Nousiainen et al., 2008 ). Other symptoms 
include hypolasia, pytergia, multiple joint contractures and micrognathia. Prenatal death 
usually occurs before the 32nd gestation week (Nousiainen et al., 2008 ). More recently, it 
has been suggested that haploinsufficieny for GLE1 may be a genetic factor predisposing to 
ALS (Kaneb et al., 2015). 
 The GLE1 gene is highly conserved between species (Alcazar-Roman et al., 2006, 
Bolger et al., 2008). In humans, it encodes two protein coding isoforms; GLE1A and GLE1B. 
The peptide sequences of GLE1A and GLE1B are highly similar. They differ in the C-
terminal region where GLE1B has an additional, functionally important 43 amino acid domain 
(Kendirgi et al., 2003). This additional domain is necessary and sufficient for the interaction 
with CG1 (a nucleoporin, also known as NUPL2) (Kendirgi et al., 2003). GLE1-002 mRNA, 
which produces the 698 amino acid GLE1B peptide, is reported to be expressed about a 
thousand times more than the GLE1-001 mRNA encoding GLE1A in HeLa cells and its 
product dominates the intracellular localization profile (Kendirgi et al., 2003).  The GLE1 
protein has nuclear pore complex (NPC) targeting, coiled-coil, nuclear shuttling and nuclear 
rim targeting domains (Rayala et al., 2004 , Kendirgi et al., 2005, Nousiainen et al., 2008 ). It 
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has been shown to have several essential roles in vital cellular processes such as mRNA 
export, translation initiation and translation termination. 
Studies in Saccharomyces cerevisiae identified Gle1 (also known as RSS1) as an 
essential yeast RNA export protein involved in the Poly(A)+ RNA export (Murphy and Wente, 
1996, Watkins et al., 1998).  Additional studies in yeast showed that Gle1 has a crucial role 
in mRNA-protein (mRNP) complex remodeling. Inositol hexakisphosphate (IP6)-bound Gle1 
activates DEAD box protein 5 (Dbp5; DDX19 in humans) on the cyptoplasmic face of the 
nuclear pore complex (NPC) (Alcazar-Roman et al., 2006) by stimulating ATP binding to 
Dbp5 (Noble et al., 2011). In return, Dbp5 mediates the dissociation of protein components 
from mRNPs (Tran et al., 2007, Hodge et al., 2011). It has been reported that Gle1 has other 
functionally distinct roles in translation. Studies in yeast suggest that it is involved in 
translation termination through IP6-dependent Dbp5 activation, and in translation initiation in 
an IP6/Dbp5-independent manner (Bolger et al., 2008).  
Mutations in other genes have been found to cause LCCS. LCCS2 is caused by 
mutation of ERBB3 (Narkis et al., 2007b), a member of the ERBB family of receptor tyrosine 
kinases; LCCS3 is caused by mutation of PIP5K1C (Narkis et al., 2007a), which encodes 
phosphatidylinositol-4-phosphate 5-kinase, type I, gamma (PIPKIγ); LCCS5 is caused by 
homozygous Dynamin 2 (DNM2) mutation (Koutsopoulos et al., 2013); while another study 
linked mutations in CNTNAP1 (encoding contactin associated protein 1) and ADCY6 
(encoding adenylate cyclase 6) to LCCS7 and LCCS8 respectively (Laquérriere et al., 2014). 
These LCCS genes have all been associated with Schwann cell development or function. 
Erbb3 was shown to be important for Schwann cell survival in the mouse (Riethmacher et 
al., 1997), while its orthologue erbb3 was shown to be specifically required for migration and 
proliferation of Schwann cell precursors in the zebrafish embryo (Lyons et al., 2005). PIPKIγ 
phosphorylates phosphatidylinositol 4-phosphate to generate phosphatidylinositol-4,5-
bisphosphate (PIP2) and the localized synthesis of PIP2 is important for asymmetric process 
retraction during directional Schwann cell migration (Gatto et al., 2007). Dynamin 2 is 
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involved in clathrin-mediated endocytosis and required for Schwann cell myelination 
(Sidiropoulos et al., 2012), CNTNAP1 is an essential component of Ranvier domains, while 
knockdown of ADCY6 orthologues in zebrafish blocked PNS myelination (Laquérriere et al., 
2014). GLE1 function has not been associated with PNS myelination, however RNA 
expression profiling of spinal cord from LCCS1 fetuses indicated that oligodendrocyte 
dysfunction may be a factor in disease pathogenesis (Pakkasjarvi et al., 2006). 
 The zebrafish has been extensively used as a model organism for neurodegenerative 
disorders (for review see (Kabashi et al., 2010, Xi et al., 2011)), including models of motor 
neuron diseases such as SMA (Boon et al., 2009) and ALS (Ramesh et al., 2010). A 
zebrafish model of LCCS1 has recently been reported, with gle1-/- embryos showing multiple 
defects, including immobility, small eyes, pharyngeal arch defects, CNS cell death, a 
moderate reduction in motor neuron numbers and motor axon outgrowth defects (Jao et al., 
2012). These modest motor neuron development defects are somewhat surprising given the 
marked loss of motor neurons reported in the spinal cord of LCCS1 fetuses, suggesting that 
additional factors may contribute to motor neuron survival in LCCS1. Given the known role of 
other LCCS genes in Schwann cell development and evidence for oligodendrocyte 
dysfunction in LCCS1 spinal cord, we therefore reasoned that gle1 may be required for the 
development of myelinating glia in the zebrafish embryo. We herein demonstrate a novel 
critical requirement for gle1, and therefore mRNA export function, not only for motor neuron 
survival but also in Schwann cell development. 
 
 
EXPERIMENTAL PROCEDURES 
 
Zebrafish maintenance 
All procedures involving animals were performed according to UK Home Office regulations 
and subjected to ethical review and approval by the Ethics Review Committee at the 
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University of Sheffield.  gle1hi4161aTg/+ carriers (Amsterdam et al., 2004) were obtained from 
the Zebrafish International Resource Center (ZIRC), Oregon, USA and out-crossed on to a 
TL background. Carriers were identified by PCR using a forward primer that anneals to the 3’ 
region of the retrovirus (5’-CGCTTCTCGCTTCTGTTCG-3’) and a reverse primer (5’-
GGCTGTATTTGAGTTTCCCCTTC-3’) that anneals to the adjacent genomic region. The 
Tg(sox10:mRFP) line, which expresses mRFP in multiple neural crest-derived cell types, 
including Schwann cell precursors (Kucenas et al., 2008), was obtained from Dr. David 
Lyons (University of Edinburgh) with permission from Dr. Bruce Appel (University of 
Colorado Denver) and crossed with gle1hi4161aTg/+ carriers to facilitate detection of Schwann 
cell precursors. Embryos were obtained by natural mating. 
  
Survival and motility assays 
Embryos were raised in petri dishes containing E3 medium until 5 dpf. They were then 
moved to larger tanks containing aquarium water and fed daily. Dead embryos were 
collected twice daily and genotyped. A Kaplan-Meier survival plot was generated using 
Prism v5.04 software (Graphpad Software, USA). Motility of mutant and sibling embryos was 
quantified over a 2-hour period at 4, 5 and 6 dpf. Mutants and siblings (24 each) were sorted 
on morphological phenotypes and placed in individual wells of a 48-well plate. The plate was 
placed in the Zebrabox (Viewpoint Life Sciences, Lyon, France) viewing chamber at 28°C. 
The light cycle in the chamber was set for 25 minutes of dark followed by 5 minutes of light 
exposure. The motility of the embryos and the total distance covered by each embryo was 
recorded using Zebralab v3.20. The data were analysed with an unpaired t test using 
Graphpad Prism v5.04.  
 
TUNEL staining 
 Embryos were anaesthetized in Tricaine and fixed in 4% PFA in PBS at 4°C overnight. After 
fixation they were briefly washed in water then incubated in pre-chilled acetone at -20°C for 
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7 minutes. They were then washed in PBS + 0.1% Tween 20 (PBT) and digested with 10 
µg/ml Proteinase K (Sigma) in PBT. Samples were then washed with PBT and briefly fixed in 
4% PFA in PBS at room temperature. TUNEL staining was performed using the ApopTag 
Red in situ apoptosis kit (Millipore). Following further PBT washes, samples were incubated 
in equilibration buffer for 1 hour at room temperature. Samples were then incubated in 
reaction buffer and TdT enzyme mix at 37°C for 90 minutes.  This was then replaced with 
stop buffer and samples incubated at 37°C for 3 hours. They were then washed in PBT and 
incubated with a rhodamine-labeled anti-DIG antibody diluted in blocking solution overnight 
at 4°C. The samples were washed thoroughly in PBT, fixed in 4% PFA in PBS for 30 
minutes and washed with PBT once more. They were moved through a series of glycerol 
dilutions to 75% glycerol/25% PBS and mounted for confocal microscopy. Samples were 
imaged using an Olympus Fluoview FV1000 confocal microscope.      
 
H&E staining 
Embryos were fixed overnight in 4% PFA. Sections were cut from paraffin-embedded 
specimens, floated on warm water, collected on slides and incubated at 42°C overnight. The 
next day, they were brought to room temperature and de-waxed in xylene for five minutes. 
After a second wash in xylene, they were washed twice with absolute ethanol and then 
rehydrated by briefly incubating consecutively in 95% and 70% ethanol. Samples were then 
transferred to Harris’ haematoxylin solution (Leica, UK) for three minutes. They were rinsed 
in water and dipped in acid-alcohol solution before another wash in water, and then placed in 
Scott’s solution for approximately fifteen seconds. Following a rinse, samples were 
incubated in eosin (Surgipath, UK) for five minutes. They were rinsed quickly in water and 
gradually moved to 100% ethanol.  Samples were placed in fresh xylene and mounted in a 
hard set mounting medium (Vector Laboratories). Samples were viewed using a compound 
microscope. 
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Whole mount in situ hybridization and immunohistochemistry 
In situ hybridization and immunohistochemistry were performed using standard protocols. 
Digoxigenin-labeled riboprobes were prepared from linearised plasmid templates with SP6 
and T7 polymerases as recommended by the supplier (Roche Life Sciences). Staining was 
visualized using an anti-DIG-alkaline phosphatase conjugated antibody and NBT/BCIP 
(Roche Life Sciences). Monoclonal anti-acetylated tubulin clone 6-11B-1 (Sigma) was used 
at 1:5000 and staining visualized using VectaStain Elite ABC and DAB Peroxidase Substrate 
kits (Vector Laboratories). 
 
EdU labeling and detection 
Embryos were anaesthetized by immersion in Tricaine and injected directly in to the yolk 
mass with 5 nl of 5 mM 5-ethynyl-2’-deoxyuridine (EdU) in 0.15x Danieau’s solution at 52 
hpf. They were then incubated at room temperature for 1 h to enable EdU incorporation prior 
to overnight fixation in 4% paraformaldehyde. Fixed embryos were stored in methanol for at 
least 24 hours, then rehydrated and permeabilised in acetone at -20ºC for 10 min. EdU-
labeled cells were detected using a Click-iT EdU Alexa Fluor 647 imaging kit (Life 
Technologies). mRFP was subsequently immunostained using a rabbit polyclonal anti-
DsRed antibody (Clontech) and Alexa Fluor 488 goat anti-rabbit secondary antibody (Life 
Technologies). Fluorescence was visualized using a Leica TCS SP5 II confocal microscope. 
EdU-labelled cells were counted in 100 µm segments along the posterior lateral line nerve 
(PLLn) in 3 specimens per group. Graphpad Prism was used to calculate mean cell counts ± 
S.E.M. and statistical significance determined using a Mann-Whitney U test. 
 
Transmission electron microscopy (TEM) 
Transmission electron microscopy was used to visualize the fine structure of the lateral line 
nerve and was performed as described by others (Czopka and Lyons, 2011). Briefly, 4 dpf 
larvae were fixed with 2% glutaraldehyde, 4% paraformaldehyde and 0.1 M sodium 
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cacodylate buffer, pH 7.4. Tissue processing was accelerated by microwaving using a 
Panasonic Inverter NN-SD466M microwave. Secondary fixation was performed with 2% 
OsO4, 0.1 M sodium cacodylate and 0.1 M imidazole, pH 7.5, then specimens stained with 
saturated uranyl acetate. Specimens were embedded in Embed 812 resin (Electron 
Microscopy Services) and ultrathin sections cut using a Leica EM UC6 ultramicrotome. 
Electron micrographs were collected using a FEI Tecnai G2 Spirit BioTwin TEM with Gatan 
MS600CW digital camera in the Department of Biomedical Science EM Suite at the 
University of Sheffield.  
 
Poly(A)+ RNA hybridization 
Paraffin-embedded embryos were transversely dissected in 5µm sections using a microtome 
(Microm, Germany), floated on warm DEPC-treated water, then collected on charged slides 
and incubated at 42°C overnight. The sections were then incubated at 60°C for thirty 
minutes followed by dewaxing in xylene for five minutes. Samples were then washed twice in 
100% ethanol and in 95% ethanol for five minutes each. They were digested at room 
temperature with 12.5 µg/ml pepsin (Sigma) in 0.2 M HCl for 20 minutes, before being fixed 
in ice-cold 4% PFA in PBS for 5 minutes. Excess PFA was removed and the slides were 
then placed in water for 5 minutes. Samples were transferred to 95% ethanol and then air-
dried for 5 minutes. Samples were pre-hybridized in hybridization buffer (20% formamide, 2x 
SSC, 10% dextran sulphate, 1% BSA, 20 µg/ml salmon sperm DNA and 0.3 µg/ml yeast 
tRNA) at 42°C for 30 minutes.  They were rinsed in 4x SSC and probed with 1 µg/ml of 5’-
Cy3-conjugated oligo(dT)  (Eurofins, Germany) in hybridization buffer at 42°C overnight. 
They were then washed sequentially in 2x, 1x and 0.1x SSC, rinsed in water and mounted in 
a hard set mounting medium with DAPI (Vector Laboratories, USA). Samples were imaged 
using confocal microscopy. 
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RESULTS 
gle1hi4161aTg/hi4161aTg mutants exhibit severe developmental defects 
A zebrafish insertional mutant (gle1hi4161aTg/+) was generated in a screen for genes 
essential for zebrafish development (Amsterdam et al., 2004). The retroviral introduced 
insertion is within the first exon of the gle1 gene (Fig.1A), thereby generating a non-
functional allele. Carrier embryos were obtained from ZIRC (Oregon, USA) and out-crossed 
with the wild type TL line. To analyze survival, gle1 mutation carriers were mated, embryos 
collected and observed at 12-hour intervals. Mutant embryos (henceforth referred to as gle1-
/-) were initially indiscernible from siblings, but could be distinguished on the basis of a 
smaller head and eyes from 2 days post-fertilization (dpf). The phenotype of the mutants 
progressively degenerated with median survival of 6 dpf (Fig.1B). Dead mutant embryos 
were selected and genotyped to confirm that they were homozygous for the mutant allele. At 
4-5 dpf mutant embryos showed pleiotropic phenotypes including small eyes, the lack of a 
normal lower jaw, pericardial edema and failure to inflate the swim bladder (Fig. 1C). The 
gle1 gene is ubiquitously expressed through 24 hpf (Jao et al., 2012), whereas at later 
stages (48-72 hpf) expression is prominent in tissues that show morphological defects in 
gle1-/- embryos such as the eyes, pectoral fin buds, intestine and pharyngeal arches. In 
agreement with Mendelian ratios for recessive genes, 24.8% of embryos displayed the 
mutant phenotype (nmutant=169, nsibling =512). The motility of embryos was analyzed at 4, 
5 and 6 dpf by recording the locomotion activity of mutants and siblings over a 2-hour period. 
A significant reduction in locomotion of the mutants compared to sibling embryos was 
observed (p<0.002 at 4 dpf and p<0.0001 at 5 and 6 dpf) (Fig. 1D). 
  
gle1-/- mutants show pronounced cell death in the eye and central nervous system  
To determine the effect of gle1 loss on cell survival, Terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) was used to assess cell death in gle1-/- mutant embryos. 
Very few TUNEL-positive cells were observed in the central nervous system (CNS) or body 
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of the siblings (Fig. 2A), whereas mutants exhibited considerable levels of cell death in the 
head and body at 3 dpf (Fig. 2B). Particularly high levels of TUNEL-labeling were observed 
in the eyes of the mutants (Fig. 2B). Significant TUNEL-labeling was also observed in the 
spinal cord of gle1-/- mutants compared with controls at 3 dpf (Fig. 2C). The mutant embryos 
analysed in this experiment carried a Tg(mnx1:GFP) transgene (commonly referred to as 
HB9:GFP) for motor neuron identification. This demonstrated that the majority of the TUNEL-
positive cells were not GFP-positive. Cell count revealed that around 2% of GFP-positive 
cells were TUNEL-positive, indicating that only a small proportion of apoptotic cells in the 
spinal cord were motor neurons (Fig. 2C). Hematoxylin and eosin staining revealed the 
presence of condensed dead cells in the eyes of gle1-/- mutants at 3 dpf, most notably in the 
pigmented epithelium and inner nuclear layer (Fig. 2D). This contrasted with sibling embryos 
where a normal retinal structure was observed (Fig. 2E). 
 
Oligodendrocyte development in gle1-/- embryos 
RNA expression profiling of spinal cord from LCCS1 fetuses has indicated that 
oligodendrocyte dysfunction may be a factor in disease pathogenesis (Pakkasjarvi et al., 
2006). However, this has never been established in an animal model of LCCS1. We 
therefore investigated oligodendrocyte development with whole-mount RNA in situ 
hybridization using antisense riboprobes for oligodendrocyte lineage transcription factor 2 
(olig2), which is expressed by oligodendrocyte precursor cells (OPCs), and myelin basic 
protein (mbp), which serves as a marker for myelinating oligodendrocytes and Schwann 
cells. Analysis of embryos fixed at 51 hours post-fertilization (hpf) revealed that gle1-/- 
mutants (n=35) had a near total loss of olig2 expression in cerebellar eurydendroid neurons 
compared to siblings (n=99; Fig. 3A and 3B). This loss of cerebellar olig2 expression in gle1-
/-
 mutants may be correlated with prominent gle1 expression observed in the cerebellum of 
wild type embryos around 48 hpf (Jao et al., 2012). However, the overall pattern of olig2 
expression throughout the rest of brain was relatively normal in gle1-/- mutants (Fig. 3C) 
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compared to siblings (Fig. 3D). A reduction in the number of cells scattered throughout the 
hindbrain was observed in gle1-/- mutants compared to controls, which might represent an 
impairment of OPC migration into the mantle region or a slight developmental delay in the 
mutant embryos. Analysis of mbp expression at 4 dpf showed strong mbp expression on 
both sides of the midline of the hindbrain in both gle1-/- mutants and controls (Figs. 3E and F 
arrowheads), suggesting that oligodendrocytes are able to develop in the absence of Gle1 
function. However, while the pattern of mbp expression demonstrated that oligodendrocyte 
development appeared relatively normal in the hindbrain of gle1-/- mutants, the same 
analysis revealed a striking loss of mbp expression in the anterior lateral line (ALLn) and 
posterior lateral line (PLLn) nerves (arrows in Fig. 3F), suggesting a potential defect in 
Schwann cell development in gle1-/- mutants. 
 
Defective Schwann cell development in gle1-/- embryos 
Whole mount in situ hybridization for mbp mRNA at 4-5 dpf revealed prominent expression 
along most or the full length of the PLLn in control embryos (n=136; arrows in Fig 4B), 
whereas in gle1-/- mutant embryos (n=45), mbp expression along the PLLn was restricted to 
the most anterior somites (arrow in Fig. 4A). The expression of mbp mRNA was similarly 
restricted to the anterior portion of the PLLn at 6 dpf in gle1-/- mutant embryos (n=24; not 
shown). A similar striking loss of mbp expression was apparent in the ALLn, with minimal 
mbp expression observed in gle1-/- mutants (arrowheads in Fig. 4A and B). Staining of axons 
with an anti-acetylated tubulin antibody demonstrated that the PLLn extended the full length 
of the embryo in gle1-/- mutants (n=25) and siblings (n=108; arrows in Fig. 4C, D). It is 
therefore unlikely that the loss of mbp expression in gle1-/- mutants is due to axon outgrowth 
defects in the lateral line, and more likely represents a defect in Schwann cell development.  
Previous studies have shown that the myelination defects in erbb3 mutant zebrafish 
are due to impaired migration and proliferation of Schwann cell precursors (Lyons et al., 
2005). Given that mutations in GLE1 and ERBB3 both cause LCCS in humans, we reasoned 
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that gle1-/- mutants may show similar defects to those seen in erbb3 mutants. To investigate 
this, we analyzed sox10 expression (a marker for Schwann cell precursors) in gle1-/- mutants 
(n=18) and siblings (n=70). Expression of sox10 in Schwann cell precursors was seen 
continuously along the length of the PLLn in control embryos (Fig. 4F), whereas in gle1-/- 
mutants, sox10 expression was weaker and interrupted along the PLLn, implying reduced 
numbers of Schwann cell precursors along the PLLn (Fig. 4E). This differs from what is seen 
in erbb3 mutants where sox10 expression is practically absent from the PLLn (Lyons et al., 
2005). Analysis of krox20 expression (a marker for Schwann cells committed to myelination) 
similarly demonstrated that krox20 expression was present along the PLLn in gle1-/- mutants 
(Fig. 4G; n=31), but was less intense compared with controls (Fig. 4H; n=131). 
In order to ascertain whether the apparent reduction in the number of Schwann cell 
precursors along the PLLn was due to a proliferation defect we crossed gle1hi4161Tg/+ carriers 
with Tg(sox10:mRFP) fish to generate double transgenic carriers. These fish were in-
crossed and offspring labelled with the thymidine analog 5-ethynyl-2’-deoxyuridine (EdU) via 
direct injection into the yolk mass at 52 hpf. Reduced EdU incorporation was apparent in 
multiple tissues throughout mutant embryos and a significant reduction in the number of 
EdU-labelled mRFP+ Schwann cell precursors was observed along the PLLn in homozygous 
gle1-/- mutants (1.8 ± 0.3 EdU-positive cells/100 µm along the PLLn in mutants compared 
with 4.0 ± 0.4 cells/100 µm in siblings; P=0.003, Mann-Whitney U test), demonstrating that 
Gle1 function is essential for normal proliferation of Schwann cell precursors at this stage 
(Fig. 5). 
To determine the effect of loss of Gle1 function on myelination of the PLLn, structural 
analysis using transmission electron microscopy (TEM) was undertaken. At 4 dpf, loosely 
wrapped myelin membranes (typically 3-4 per axon) were apparent on nearly all PLLn axons 
in control sibling embryos (Fig. 6A). In stark contrast, PLLn axons in gle1-/- mutant embryos 
were practically devoid of myelin membrane (Fig. 6B). Quantification of the number of wraps 
of myelin membrane per axon is shown in Fig. 6C. Additionally, the mean axon diameter in 
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gle1-/- mutant embryos was significantly smaller (0.5 ± 0.04 µm in mutants compared with 
1.42 ± 0.07 µm in control embryos; Fig. 6D). Gle1 function therefore appears to be essential 
for the proliferation and differentiation of Schwann cell precursors into myelinating Schwann 
cells. 
  
gle1-/- mutants show poly(A)+ RNA export defects and nuclear mRNA accumulation 
Previous studies have demonstrated that Gle1 is involved in poly(A)+ RNA export from the 
nucleus (Murphy and Wente, 1996, Alcazar-Roman et al., 2006). Based on these findings, 
we reasoned that gle1-/- mutants would show nuclear mRNA accumulation. Fluorescent in 
situ hybridization using 5’-Cy3-conjugated oligo(dT), which hybridizes to the poly(A) tail of 
mRNA confirmed this. Confocal imaging revealed that gle1-/- mutants showed intense Cy3 
nuclear staining, suggesting accumulation of poly(A)+ RNA in the nucleus  (Fig. 7D-F), 
whereas siblings showed diffuse staining, indicating a more even distribution throughout the 
nucleus and cytoplasm (Fig. 7A-C). Nuclear accumulation of poly(A)+ RNA was seen in 
sections throughout the head, eye and spinal cord (not shown). 
 
 
DISCUSSION 
LCCS1 is an autosomal recessive disorder caused by mutation of GLE1 which is 
characterized by total immobility of the fetus and presents with multiple joint contractures, 
facial abnormalities, severe muscle atrophy and degeneration of the anterior horn of the 
spinal cord. In keeping with a multi-systemic disorder, homozygous gle1-/- mutant zebrafish 
embryos show prominent ocular and craniofacial abnormalities, reduced motility and 
increased CNS apoptosis. Mutants can be identified from 2 dpf based on the small eye 
phenotype and survive on average to 6 dpf, with maximal survival of around 9 dpf. While 
LCCS1 patients show marked loss of motor neurons in the anterior horn, gle1-/- zebrafish 
mutants show a relatively minor decrease in motor neuron numbers (Jao et al., 2012) in 
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comparison with other phenotypes in the same embryos, suggesting that other factors may 
contribute to motor neuron loss in LCCS1 cases. We herein demonstrate a critical 
requirement for normal gle1 gene function in Schwann cell development, thereby suggesting 
that myelination defects may be an important factor in LCCS1. This adds to the significance 
of recent studies demonstrating roles for other LCCS genes in peripheral myelination and 
suggests that Schwann cell deficits may be a common feature of this syndrome. 
 It is apparent that a number of the LCCS genes involved in PNS myelination have 
different roles in Schwann cell development and function. In the zebrafish embryo, erbb3 has 
been shown to be specifically required for migration and proliferation of Schwann cell 
precursors (Lyons et al., 2005). CNTNAP1 on the other hand, mediates axon-glial contacts 
in paranodal regions and its loss affects saltatory nerve conduction (Bhat et al., 2001). 
Whole nount in situ hybridization for sox10 and krox20 demonstrated that Schwann cell 
precursors initially populate the PLLn in gle1-/- mutants (Fig. 4). However these cells show 
reduced proliferation (Fig. 5) and fail to differentiate normally on the basis of greatly reduced 
mbp expression (Fig. 4) and the failure to envelop axons with myelinating membranes (Fig. 
6). This phenotype resembles that observed in adcy6 morpholino mutants (morphants), 
where greatly reduced mbp expression was observed along the PLLn in spite of apparently 
normal expression of markers for PLLn axons and Schwann cell precursors (Laquérriere et 
al., 2014). 
 In agreement with previous studies in yeast and cultured human cells (Watkins et al., 
1998, Kendirgi et al., 2003), our study revealed a defect in mRNA export in gle1-/- mutants as 
evidenced by poly(A)+ RNA accumulation in the nucleus. One question that arises is whether 
the observed Schwann cell defects in gle1-/- mutant embryos are a direct consequence of 
impaired mRNA export? The importance of mbp mRNA transport from the cell body to 
processes during oligodendrocyte development has been well characterized (Lyons et al., 
2009). A similar requirement for mbp mRNA transport during Schwann cell development has 
not been documented, but RNA transport and local translation have been reported in 
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Schwann cells (Gould and Mattingly, 1990), so one hypothesis is that normal Gle1 function 
is required for nuclear export and/or transport of mbp mRNA in differentiating Schwann cells. 
Alternatively, the failure to myelinate PLLn axons may be a consequence of reduced axon 
calibre (Michailov et al., 2004). 
Genes involved in different aspects of RNA biology have been linked to a number of 
motor neuron diseases. These include SMN in SMA, GLE1 in LCCS1 and TARDBP, FUS 
and GLE1 in ALS (Lefebvre et al., 1995, Sreedharan et al., 2008, Nousiainen et al., 2008 , 
Vance et al., 2009, Folkmann et al., 2013). Interestingly, all have been implicated in multiple 
aspects of RNA metabolism. SMN is associated with assembly of ribonucleoprotein (RNP) 
complexes, splicing and axonal mRNA transport; GLE1 is involved in the nuclear export of 
mRNA as well as translation initiation and termination, while TARDBP and FUS have roles in 
the regulation of gene expression, splicing, formation of RNP complexes and microRNA 
processing. The role that these proteins play in RNA processing in relation to motor neuron 
biology has become an intensive area of research. The data reported here show a novel 
requirement for the RNA export mediator Gle1 in Schwann cell development, suggesting that 
RNA metabolism in glial cells may also be an important factor in motor neuron survival. In 
support of this notion, Schwann cell defects have recently been reported in two forms of 
SMA (Hunter et al., 2014, Jędrzejowska et al., 2014). Peripheral nerve myelination defects 
were shown in two SMA mouse models and Schwann cells isolated from SMA mice failed to 
express key myelin proteins when differentiated (Hunter et al., 2014). This suggests that 
Schwann cell defects may be a common feature of fetal/infantile motor neuron diseases.  
Modeling in zebrafish therefore allows new insights into fundamental biological mechanisms 
of motor neuron degeneration linked to RNA processing defects and has the potential to 
identify novel therapeutic targets for motor neuron diseases. 
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Legends to Figures:  
Fig. 1. Homozygous gle1 insertional mutants show severe developmental defects, 
reduced motility and premature death. (A) Schematic diagram of gle1 exon 1 showing the 
site of retroviral insertion. (B) The survival of gle1-/- mutants is greatly reduced compared to 
their siblings with median survival of 6 dpf and maximal survival around 9 dpf (p<0.0001). 
(C) Lateral images of sibling (top) and mutant (bottom) embryos at 4.5 dpf demonstrates 
cardiac edema, failure to inflate the swim bladder, microcephaly, micrognathia, and 
microphthalmia in gle1-/- mutants compared to siblings. Scale bar is 250 µm. (D) The motility 
of gle1-/- mutants was compared to that of their siblings by tracking and recording their 
movement over a 25-minute dark/5-minute light cycle for 2 hours. The motility of the mutants 
peaks on day 5 and is significantly less than that of siblings (*** p=0.002 on day 4, **** 
p<0.0001 on days 5 and 6).  
 
Fig. 2.  gle1-/- mutants exhibit prominent cell death in the eye and spinal cord. (A-B) 
TUNEL staining of sibling (A) and mutant (B) embryos at 5 dpf demonstrates increased cell 
death in gle1-/- mutants, most notably in the eyes. (C) A lateral image of the spinal cord of a 
3 day old Tg(mnx1:GFP) expressing gle1-/- mutant stained for TUNEL (red) demonstrates 
that the vast majority of TUNEL-positive cells are GFP-negative and do not co-localise with 
the motor neurons. (D-E) H&E staining reveals the presence of condensed dead cells in the 
differentiated retina of gle1-/- mutants (D) at 3 dpf which are not seen in sibling controls (E).    
 
Fig. 3. gle1-/- mutants lack cerebellar eurydendroid neurons but not oligodendrocyte 
precursors or oligodendrocytes. Whole-mount in situ hybridization for olig2 expression 
demonstrated a near total loss of cerebellar eurydendroid neurons in gle1-/- mutants (A) 
which are seen as two semicircular arcs of cells in siblings (arrows in B). Imaging of the 
same embryos depicted in (A) and (B) at a more ventral plane of focus revealed the 
presence of olig2-positive cells throughout the brain in both gle1-/- mutants (C) and siblings 
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(D), with an apparent reduction in the pepperpot pattern of expression in the mutant 
hindbrain (arrows). Staining for expression of mbp at 4 dpf, a marker for myelinating 
oligodendrocytes in the hindbrain, showed a similar pattern and intensity of labeling on either 
side of the midline in mutants (E) and siblings (F). However, a dramatic loss of Schwann cell 
mbp expression in the anterior and posterior lateral line (arrows in F) is apparent in the 
mutant (E). 
 
Fig. 4. Defective Schwann cell development in gle1-/- mutants. (A-F) Embryos lacking 
gle1 show greatly reduced expression of genes that mark myelinating Schwann cells along 
the lateral line nerves. Lateral views of gle1-/- mutant (A) and sibling (B) embryos stained for 
mbp expression at 4 dpf by whole mount in situ hybridization. Arrows indicate mbp 
expression along the posterior lateral line nerve); arrowheads indicate the position of the 
anterior lateral line nerve). (C, D)  Anti-acetylated tubulin staining of axons in the PLLn 
(arrowheads) at 4 dpf in gle1-/- mutant (C) and sibling (D) control embryos demonstrates that 
axons form along the length of the PLLn in gle1-/- mutant embryos. (E-H) Staining for sox10 
(E, F) and krox20 (G, H) expression, markers for Schwann cell precursors, in the PLLn at 3-
4 dpf (arrows) shows similar but weaker expression in gle1-/- mutant embryos (E, G) 
compared with sibling controls (F, H). 
 
Fig. 5. Mutant gle1-/- embryos show reduced proliferation of Schwann cell precursors.  
Proliferating Schwann cell precursors were identified using EdU-labelling (red) and 
immunostaining with an anti-DsRed antibody (green) in Tg(sox10:mRFP) embryos. EdU-
positive cells were readily detected along the PLLn in sibling embryos (A), but sparser and 
more weakly labelled in gle1-/- mutant embryos (B). 
 
Fig. 6. Gle1 is required for the formation of myelinating Schwann cells. Panels A and B 
show TEM images of transverse sections through the PLLn. Wild type axons (A) are loosely 
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wrapped by multiple layers of myelin membrane, whereas mutant axons (B) lack myelin; 
scale bars = 0.5 µm. (C) gle1-/- mutants show a significant decrease in the number of wraps 
of myelin membrane per axon compared to siblings (!!!! P<0.0001; two-tailed, unpaired 
t-test). (D) Mutant axons showed a significant decrease in diameter (0.5 ± 0.04 µm in 
mutants compared with 1.42 ± 0.07 µm in control embryos; !!!! P<0.0001; two-tailed, 
unpaired t-test).  
 
Fig. 7. Defective mRNA export leads to nuclear accumulation of poly(A)+ RNA in 
gle1-/- mutants.  Transverse sections of the eye from 3 dpf embryos stained with DAPI 
(pseudo-colored green) to stain nuclei (A & D) and Cy3-labeled oligo(dT) (red; B & E).  The 
merged images (C & F) demonstrate that gle1-/- mutants (D-F) show nuclear poly(A)+ RNA 
accumulation compared to sibling embryos (A-C) where more diffuse nuclear and 
cytoplasmic Cy3 fluorescence is observed. 
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Highlights 
• Impact of gle1 depletion on zebrafish development. 
• Role of RNA-binding protein gle1 in motor neuron and Schwann cells development 
• Schwann cell may have a role in gle1-linked LCCS1pathology. 
 
 
 
